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BACKGROUND: Ambient particulate matter with an aerodynamic diameter of ≤2:5 lm (PM2:5) is suggested to act as an adjuvant for allergen-mediated
sensitization and recent evidence suggests the importance of T follicular helper (Tfh) cells in allergic diseases. However, the impact of PM2:5 expo-
sure and its absorbed polycyclic aromatic hydrocarbon (PAHs) on Tfh cells and humoral immunity remains unknown.
OBJECTIVES: We aimed to explore the impact of environmental PM2:5 and indeno[1,2,3-cd]pyrene (IP), a prominent PAH, as a model, on Tfh cells
and the subsequent pulmonary allergic responses.
METHODS: PM2:5- or IP-mediated remodeling of cellular composition in lung lymph nodes (LNs) was determined by mass cytometry in a house dust
mite (HDM)-induced mouse allergic lung inflammation model. The differentiation and function of Tfh cells in vitro were analyzed by flow cytometry,
quantitative reverse transcription polymerase chain reaction, enzyme-linked immunosorbent assay, chromatin immunoprecipitation, immunoprecipita-
tion, and western blot analyses.
RESULTS: Mice exposed to PM2:5 during the HDM sensitization period demonstrated immune cell population shifts in lung LNs as compared with
those sensitized with HDM alone, with a greater number of differentiated Tfh2 cells, enhanced allergen-induced immunoglobulin E (IgE) response
and pulmonary inflammation. Similarly enhanced phenotypes were also found in mice exposed to IP and sensitized with HDM. Further, IP adminis-
tration was found to induce interleukin-21 (Il21) and Il4 expression and enhance Tfh2 cell differentiation in vitro, a finding which was abrogated in
aryl hydrocarbon receptor (AhR)-deficient CD4+ T cells. Moreover, we showed that IP exposure increased the interaction of AhR and cellular muscu-
loaponeurotic fibrosarcoma (c-Maf) and its occupancy on the Il21 and Il4 promoters in differentiated Tfh2 cells.

DISCUSSION: These findings suggest that the PM2:5 (IP)–AhR–c-Maf axis in Tfh2 cells was important in allergen sensitization and lung inflammation,
thus adding a new dimension in the understanding of Tfh2 cell differentiation and function and providing a basis for establishing the environment–
disease causal relationship. https://doi.org/10.1289/EHP11580

Introduction
T helper 2 (Th2) cells have long been considered tomainly regulate
the pathogenic manifestations of allergic asthma, such as immuno-
globulin E (IgE)–mediated sensitization, airway hyperresponsive-
ness, and eosinophil infiltration.1 However, more recent work has
demonstrated that interleukin 4-positive (IL-4+) T follicular helper
(Tfh) cells, not Th2 cells, are required for IgE production.2–5 Tfh
cells are identified by their unique phenotype, which includes high
expression levels of several markers, such as CXC-chemokine re-
ceptor 5 (CXCR5), inducible T-cell co-stimulator (ICOS), pro-
grammed cell death protein 1 (PD1), B-cell lymphoma 6 (Bcl-6, a
transcriptional repressor), and IL-21 (a cytokine).6 Tfh cells are the

primary helper T-cell subset responsible for directing the affinity,
longevity, and isotype of antibodies produced by B cells.7,8 Owing
to the fundamental role of Tfh cells in adaptive immunity, the strin-
gent control of their production and function is critically important.

Tfh cell differentiation requires the cytokine milieu,9 that is, IL-6
initiates Tfh cell development by activating the transcriptional
factor signal transducer and activator of transcription 3 (Stat3) to
induce transcriptional expression of Bcl-6 and to repress type I
interferon (IFN) signaling.10,11 IL-21 is also critical for Tfh cell
differentiation by inducing Bcl-6 and CXCR5 expression in an
autocrine manner.12,13 According to their cytokine and transcrip-
tion factor profile, Tfh cells are classified into three subsets,
namely, Tfh1, Tfh2, and Tfh13.14 Tfh2 cells are distinguished
from others by their ability to produce abundant quantities of
IL-4.15 A distinctive interleukin-4 (Il4) enhancer locus is bound
by basic leucine zipper transcriptional factor activating transcrip-
tion factor (ATF)–like (BATF) in Tfh2 cells, which is distinct
from the regulatory element bound by GATA binding protein 3
(GATA3).16 The Tfh2-derived IL-4 cytokine is critical for IgE
induction, whereas IL-21 is critical for IgG1 induction.

It has been demonstrated that ambient particulate matter (PM)
with an aerodynamic diameter of ≤2:5 lm (PM2:5) acts as an ad-
juvant for IgE-mediated allergen sensitization in both animal and
human studies.17–19 However, the causal relationship and mecha-
nisms have not been sufficiently established. Polycyclic aromatic
hydrocarbons (PAHs) are a group of environmental pollutants
mainly generated from the pyrolysis of organic matter and, in
Asia, are mainly from traffic exhaust and industrial emissions.20

These pollutants, which are abundantly adsorbed into PM2:5,
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generate reactive oxygen species and induce the oxidative stress asso-
ciated with inflammation.21 Recent studies have reported that PAHs
are released fromburning organic particles and interact with the intra-
cellular aryl hydrocarbon receptor (AhR) to influence immune
responses, highlighting the potential role of the PM2:5–PAH–AhR
axis in allergic diseases.22,23 We previously reported that PM2:5 and
its associated PAHs disturb the balance of T helper 17 (Th17)/regula-
tory T (Treg) cells to aggravate allergic lung inflammation through
AhR activation in amousemodel of asthma.24 However, whether and
how the PM2:5–PAH–AhR axis affects antigen sensitization and hu-
moral immune responses remain unclear. Based on a transcriptomics
analysis of in vitro differentiated Tfh cells, increased expression of
AhR has been reported during Tfh cell differentiation, suggesting the
potential role of the AhR–PAH axis in regulating Tfh function and
subsequent humoral immune responses, but the governing mecha-
nisms are unknown.25

To this end, we employed a multidimensional approach,
including single-cell mass cytometry, to explore the causal rela-
tionship between PM2:5 exposure, remodeling of lymph node
(LN) cells, humoral immunity, and allergen-induced pulmonary
inflammation in a mouse model.

Materials and Methods

Mice
All mice used were on the C57BL/6 background. AhR-null mice (AhR
KO; B6:129-Ahrtm1Bra=J) and AhRloxp [B6:129ðFVBÞ-Ahrtm3:1Bra=J]
mice were purchased from the Jackson Laboratory. CD4-Cre mice
[Tg (Cd4-cre)1Cwi/BfluJ] were obtained from Shanghai Model
Organisms. AhRloxp mice were crossed with CD4-Cre transgenic
mice to obtain Ahrfl=flCD4-Cre mice (CD4DAhR) with Ahr defi-
ciency in CD4+ T cells. C57BL/6 mice were obtained from the
SLAC Laboratory Animal Co. All animal experiments complied
with the relevant laws and institutional guidelines as overseen by
the Animal Studies Committee of the Children’s Hospital of
Fudan University (Shanghai, China). All the animals were housed,
bred, and maintained under specific pathogen-free conditions with
a temperature of 22± 2�C under a 12-h light/12-h dark cycle and
40%–70% relative humidity. All mice received sterile food and fil-
tered water. A total of 101 mice at 6–8 wk of age were used in this
study. A total of 11 mice [phosphate-buffered saline (PBS) group
n=3; house dust mite (HDM) group n=4;HDMplus PM2:5 group
n=4] were used for mass cytometry analysis. A total of 90 mice
were used for the HDM-induced mouse allergic lung inflammation
model in Figure 3 (n=10 for each of the three groups, including PBS,
HDM, and HDM plus IP) and Figure 4 (n=10 for each of the six
groups, includingwild-type PBS [(WT_PBS),WT_HDM,WT_HDM
plus PM2:5, CD4DAhR PBS, CD4DAhR HDM, and CD4DAhR HDM
plus PM2:5]. All mice were sacrificed in the automated carbon dioxide
(CO2) delivery system, and their lung-drainingLNs and bronchoalveo-
lar lavage fluids (BALFs) were individually harvested for subsequent
flow cytometry analysis, and lung tissueswere harvested and sectioned
for hematoxylin and eosin (H&E) and periodic acid–Schiff (PAS)
staining.

PM2:5 and PAHs
PM2:5 samples were continuously collected from June 2019 to
December 2020 using Quartz fiber filters (1851-090; Whatman) and
an air sampler (ZR-3930; Qingdao Junray Intelligent Instruments)
on the open-air rooftop of the fourth floor of a research building of
the Children’s Hospital of Fudan University. Filter papers were
replaced every 2 wk. The collected filter papers absorbing PM2:5
were cut into small pieces, immersed in distilled water overnight at
4°C, and then sonicated (Skymon) for 30 min on three occasions.

The PM2:5 turbid liquid after sonication was filtered through sterile
gauze, lyophilized to measure the weight, and stored at −20�C. The
composition analysis of PM2:5 (Figure S1A) was performed by
China Certification & Inspection Group (CCIC) Physical and
Chemical Testing Co., Ltd. In brief, ion chromatography was used
for the detection of water-soluble cations and anions in PM2:5 sam-
ples. Inductively coupled mass spectrometry (MS) was used for the
determination of metal elements. A thermal–optical method was used
for the determination of organic carbon and elemental carbon. For
the composition analysis by CCIC, the PAHs in PM2:5 (Figure S1B)
were extracted, purified, and then analyzed by gas chromatography-
MS (GC-MS; GC7890A-5975C; Agilent). PM2:5 samples were
extracted with 120 mL acetone/dichloromethane (1:1, vol/vol) in a
Soxhlet extraction apparatus for 20 h to obtain PAHs data. After
the completion of extraction, an internal standard (consisting of
Acenaphthene-D10, Chrysene-D12, Naphthalene-D8, Phenanthrene-
D10, and Pyrene-D12) was injected into the organic reagent to cali-
brate the concentration of each PAHs compound. Next, the filter was
cut into pieces, and copper powder and anhydrous sodium sulfate
were added to remove any contaminants. The extract was condensed
with a rotary evaporator. Then, amorphous sodium sulfate, silica gel,
and alumina were used to separate the aliphatic hydrocarbons and
PAHs by the column. The elute solvent consisted of 15 mL hexane
and 70 mL hexane/dichloromethane (3:7; vol/vol). The solvent was
exchanged to hexane under vacuum afterward. The extracts were
concentrated to 1 mL under a slow nitrogen stream in a 40°C water
bath. The extracts were transferred into GC bottles with lids and
stored at −20�C. The samples were analyzed by GC-MS (5975C;
Agilent). One microliter of the sample was injected into a capillary
column in splitless mode. The selected ion monitoring mode was
used to collect the data. Helium was used as the carrier gas at a flow
rate of 1:0 mL=min. The GC oven of the temperature program was
80°C for 1 min at the first stage, then it was increased to 235°C at a
rate of 10°C/min. Next, it was increased to 300°C at a rate of 4°C/
min and held for 4 min. The MS was operated in an electron
impact model at 70 eV. For the animal experiment, the lyophi-
lized PM2:5 (6:25 lg=lL) was dissolved in PBS and stored at
−20�C. Indeno[1,2,3-cd]pyrene (IP; ERI-001) was purchased
from Sigma-Aldrich.

HDM-Induced Mouse Allergic Lung Inflammation Model
The HDM-induced mouse allergic lung inflammation model was
established, as described previously,26 with slight modifications.
Briefly, 6- to 8-wk-old female C57BL/6 mice (Shanghai SLAC
Experimental Animals) were exposed to light anesthesia (isoflur-
ane). The mice were then suspended by their front incisors, and
their tongues were gently extended to their lower mandibles. The
different allergen solutions (HDM, HDM plus PM2:5, or HDM
plus IP) for different groups were delivered into the hypopharynx
in 50-lL aliquots. The stock solutions were as follows: HDM
(1 lg=lL; Cat# XPB91D3A2.5; Greer Laboratories) and PM2:5
(6:25 lg=lL) were dissolved in PBS, and the stock solution of IP
(10mM) was dissolved in dimethyl sulfoxide (DMSO) and fur-
ther diluted with PBS for the working concentration (6:25 lM).
Mice in the HDM group were sensitized by intratracheal instilla-
tion of 10 lg of HDM dissolved in 50 lL of PBS per mouse on
days 0, 1, and 2 and challenged on days 9, 10, 11, and 12 with
the same amount of HDM. Mice in the HDM plus PM2:5 group
or the IP group were sensitized by intratracheal instillation
of 10 lg of HDM mixed with PM2:5 (250 lg=mouse) or IP
(5 lM=mouse) in a final volume of 50 lL per mouse on days 0,
1, and 2 and challenged on days 9, 10, 11, and 12 with 10 lg of
HDM only. Mice in the control group received 50 lL of PBS
during the sensitization and the challenge phases. In addition,
0.05% equal concentrations of DMSO were used as the vehicle
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control in PBS and HDM group to make the comparison with of
HDM plus IP group.

Mass Cytometry and Data Analysis
Mass cytometry and data analysis were performed by Zhejiang
Puluoting Health Tech Co., Ltd. Briefly, mice were sacrificed in an
automated CO2 delivery system on day 14, then the lung LNs of
each mouse were harvested (PBS group n=3; HDM group n=4;
HDM plus PM2:5 group n=4). LNs were ground with a sterile sy-
ringe piston in Dulbecco’s Modified EagleMedium (DMEM) con-
taining 10% fetal bovine serum (FBS), and filtered through a
70-lm cell strainer (Cat# 352350; BD Biosciences) to obtain a
single-cell suspension. Then the cells were washed with PBS con-
taining 0.5% bovine serum albumin (BSA) and centrifuged at
400× g for 5 min at 4°C. Subsequently, 3 × 106 cells per sample
were resuspended in 100 lL of Cell-ID Cisplatin-194Pt (250 nM;
Cat# 201194; Fluidigm) solution for 5 min on ice, then the cells
were washed twice by adding 1 mL of fluorescence-activated cell
sorting (FACS) buffer (1 × PBS containing 2% FBS) and centri-
fuged at 400× g for 5 min at 4°C. Then, to block Fc receptors, the
cells were incubated with an antimouse CD16/32 monoclonal anti-
body (mAb) (clone 93; Cat# 101301; 1:0 lg mAb=106 cells;
Biolegend) in a 100 -lL volume for 10 min on ice before staining
with a cocktail of metal-labeled mAbs against cell surface mole-
cules. Cells were then treated with Fixation/Permeabilization
Buffer (eBioscience) and further stained with an intracellular anti-
body cocktail. The cells were then incubated with Cell-ID
Intercalator (191/193Ir; Cat# 201192A; Fluidigm) to discriminate
single nucleated cells from doublets. The antibodies conjugated
with isotopically pure elements are listed in Table S1. Then cells
were washed twice with 2 mL of deionized water and centrifuged at
800× g for 5 min at 4°C. Finally, the cells were resuspended with
deionized water, added to 20% EQ beads (Cat# 201078; Fluidigm),
and injected into the mass cytometer (Helios; Fluidigm). All instru-
ments were evaluated to ensure performance at or above the mini-
mum Helios system specifications for calibration. Following the
instrument tuning and beads sensitivity test, the systemwas precon-
ditioned with deionized water. A minimum of 300,000 events for
lung LNs were acquired per file at a typical acquisition rate of 300
events/s. Prior to data analysis, the data of each sample were de-
barcoded from raw data using a doublet-filtering scheme with unique
mass-tagged barcodes. All data files were normalized and manually
gated by FlowJo software (version 10.8.1, BD Biosciences) to
exclude debris, dead cells, and doublets, resulting in live, single
CD45+ immune cells. X-shift was applied to automatically identify
distinct immune cell subsets. Dimensionality reduction algorithm
t-stochastic neighbor embedding (t-SNE) was performed to visualize
the high-dimensional data in two dimensions, showing the distribu-
tion of each cluster and marker expression, as well as the difference
among each group or different samples. Heatmaps were generated
according to themedian value for the assignedmarkers in clusters.

Lung Pathology
The mouse lung tissues were collected individually from each of the
experimental groups, as noted above, then perfused and fixed in 4%
neutral-buffered formalin. Paraffin-embedded lung sections (5 lm)
were stained with H&E or PAS according to the manufacturer’s pro-
tocols (Wuhan Servicebio Technology). The severity of peribron-
chial inflammation was scored with H&E staining as follows: 0,
normal; 1, few cells; 2, a ring of inflammatory cells 1-cell layer
deep; 3, a ring of inflammatory cells 2- to 4-cells deep; and 4, a
ring of inflammatory cells 4-cells deep. The severity of peribron-
chial inflammation was scored with PAS staining as follows:
0, PAS-positive cells≤5%; 1, 5%<PAS-positive cells≤25%; 2,

25%<PAS-positive cells≤50%; 3, 50%<PAS-positive cells ≤75%;
and 4, PAS-positive cells >75%.24 For each mouse, three light
fields were randomly selected and counted from one slide, and
the mean score was calculated.

T Cell Isolation and Differentiation in Vitro
Splenic CD4-naïve T cells were isolated from 6-wk-old female
C57BL/6 mice using a Naïve CD4+ T Cell Isolation kit (Cat# 130-
104-453; Miltenyi Biotec). Approximately 2 × 105 cells in 200 lL
were seeded into 96-well plates precoated with 1 lg=mL of anti-
CD28 (37.51; Cat# 553295; BD Biosciences) and 1 lg=mL of anti-
CD3e (145-2C11; Cat# 553058; BDBiosciences). For cells cultured
under Tfh cell–skewing conditions with some modifications, as
described previously,27 the medium was supplemented with anti-
interferon-gamma (anti-IFN-c; XMG1.2; 15 lg=mL; Cat# BE0055;
Bioxcell), anti-IL-4 (11B11; 15 lg=mL; Cat# BE0045; Bioxcell),
anti-IL-2 (JES6-5H4; 15 lg=mL; Cat#BE0042; Bioxcell), and IL-6
(15 ng=mL; Cat#216-16; Peprotech). Immature T helper (Th0) cells
were cultured under the same conditions without IL-6. IP at the
specified concentration (30 nM or 300 nM) and an AhR inhibitor
(CH223191, 10 lM) was added to the medium 6 h after initial cell
plating. IP and CH223191were dissolved in DMSO. The stock solu-
tion was further diluted with PBS for the working solution. A 0.01%
equal concentration of DMSO was used in the control group as the
vehicle control. Cells were cultured for 6 d before analysis.

Lentivirus Packaging and Infection
pLKO.1-c-Maf short hairpin RNA (shRNA; lentivirus plasmid;
Cat# TRCN0000208001; RNAi Core Facility), pCMV-DR8:91
(packaging plasmid; Cat# C6-6-1; RNAi Core Facility), and
pMD.G (envelope plasmid; Cat# C6-6-1; RNAi Core Facility)
were transfected into 293T cells (ATCC) using TransIT-LT1
(Cat# MIR2300; Mirus Bio). The lentiviral supernatant was har-
vested 48 h after transfection. Splenic CD4-naïve T cells were
isolated from three 6-wk-old female C57BL/6 mice using a
Naïve CD4+ T Cell Isolation kit. Naïve CD4+ T cells were stimu-
lated with the plate-bound anti-CD3e (5 lg=mL) and anti-CD28
(5 lg=mL) under neutral conditions (10 lg=mL anti-IFN-c and
10 lg=mL anti-IL4) for 20 h. Lentiviral supernatant was added to
the cell culture medium in the presence of polybrene (4 lg=mL)
with centrifugation (1,800 rpm at 32°C) for 90 min, and the me-
dium was exchanged with fresh medium 4 h after infection.
One day after infection, the cells were cultured under Tfh cell–
skewing conditions for 6 d before analysis.

Quantitative Reverse Transcription Polymerase Chain
Reaction
Total RNA was extracted from cells using TRIzol Reagent
(Invitrogen), and the concentration and quality (OD260/280 between
1.9 and 2.1 is qualified) of RNA were determined by NanoDrop
(Thermo Fisher). Single-stranded complementary DNA (cDNA) was
synthesized using the PrimeScript II first Strand cDNA Synthesis Kit
(Takara). Quantitative reverse transcription polymerase chain reac-
tion (RT-qPCR) was performed with SYBR Premix Ex Taq II
(Takara) using the Roche 480 Real Time PCR System (denature: 1
cycle for 95°C, 30 s; PCR: 40 cycles for 95°C, 5 s and 60°C, 30 s;
cooling: 1 cycle for 50°C, 30 s). The mRNA expression levels of tar-
get genes were normalized to b-actin using the 2−DDCt method. The
PCRprimers used are provided inTable S2.

Antibodies and Flow Cytometry
BALF was harvested by two consecutive flushes of the lung with
0:8 mL of ice-cold PBS. The total cell numbers were counted
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with default count settings using aCountess IIAutomatedCell Counter
(Thermo Fisher). Differential cell counts in BALF were obtained by
flow cytometry, as previously described. BALF cellswere stainedwith
the following antibodies (all of which were from eBioscience): PE
anti-Siglec-F (1RNM44N; Cat# 12-1702-80; 0:2 lg mAb=1× 106

cells), fluorescein isothiocyanate anti-alpha-mac3 (M1/70;
Cat# 85-11-0112-82; 0:2 lg mAb=1× 106 cells), allophycocya-
nin (APC) anti-Gr-1 (RB6-8C5; Cat# 85-94-5931-71; 0:2 lg
mAb=1× 106 cells), Percp-Cy5.5 anti-CD3e (145-2C11; Cat#
85-15-0031-63, 0:1 lg mAb=1× 106 cells), and Percp-Cy5.5
anti-CD19 (MB19-1; Cat# 85-15-0191-81; 0:1 lg mAb=1× 106

cells). The cells were then washed twice by adding 1 mL of
FACS buffer (PBS containing 2% FBS) and centrifuged at
400× g for 5 min at 4°C. Finally, the cells were resuspended
with 300 lL of FACS buffer, and 1× 104 cells per sample were
collected and analyzed on a BD FACS Canto II flow cytometer
(BD Biosciences). Data were analyzed by FlowJo software
(version 10.8.1, BD Biosciences). Eosinophils were determined
as side scatter ðSSCÞhighSiglecF+Mac-3− cells, and alveolar
macrophages cells were gated as SSChighSiglecF+Mac-3+ cells.
Granulocytes were gated as SSChigh Gr-1+ cells, and lympho-
cytes were gated as forward scatter ðFSCÞlow=SSClow CD3e+ or
CD19+. For analysis of Tfh cells in lung LNs, the LNs were har-
vested, ground with a sterile syringe piston in DMEM contain-
ing 10% FBS, and filtered through a 70-lm cell strainer (Cat#
352350; BD Biosciences) to obtain a single-cell suspension.
Then the cells were washed with PBS containing 2% FBS and
centrifuged at 400× g for 5 min at 4°C. Subsequently, 5 × 106

cells per sample were resuspended in 100 lL of an antibody cocktail
comprising anti-CD4-FITC (H129.19; Cat# 100540; 0:01 lg
mAb=1× 106 cells; Biolegend), anti-CD19-Percp-cy5.5 (1D3/CD19;
Cat# 115530; 0:01 lg mAb=1× 106 cells; Biolegend), anti-ICOS-PE
(15F9; Cat# 107706; 0:02 lg mAb=1× 106 cells; Biolegend), anti-
CXCR5-biotin (2G8; Cat# 551960; 0:1lg mAb=1× 106 cells; BD
Biosciences), and anti-PD1-PE-cy7 (RMP1-30; Cat# 109110;
0:02 lg mAb=1× 106 cells; Biolegend) at 4°C for 30 min in the
dark. The cells were then washed and stained with streptavidin-
BV421 (Cat# 405225; 0:1 lg mAb=1× 106 cells; Biolegend) in
100 lL of solution at 4°C for 30 min in the dark. For transcription
factor staining, the cells were washed and fixed with the Foxp3
Fixation/Permeabilization buffer set (Cat# 20201221; eBioscience) at
4°C overnight, according to the manufacturer’s instructions. One day
later, the cells were washed, resuspended, and stained with anti-
Foxp3-APC (FJK-16s; Cat# 20201221; 0:04 lg mAb=1× 106 cells;
eBioscience) in 100 lL of solution at room temperature for 30 min.
The cells were washed with 1 mL 1×Perm=Wash buffer and centri-
fuged at 600× g for 5 min at 4°C for the first time and again washed
with 1 mL of FACS buffer (PBS containing 2% FBS), centrifuged at
600× g for 5 min at 4°C. Then the cells were resuspended in 300 lL
of FACS buffer. Finally, 1 × 105 cells per sample were collected and
analyzed on a BD FACS Canto II flow cytometer (BD Biosciences).
For analysis of in vitro Tfh cell differentiation, the cells were first
stained with the surface markers mentioned above, followed by intra-
cellular stainingwith antimouse Bcl-6-PerCP-eflour 710 (BCL-DWM;
Cat# 46-5453-82; 0:02 lgmAb=1× 106 cells; eBioscience) or PerCP-
eflour 710-conjugated rat IgG2a isotype control (eBR2a; Cat# 46-
4321-80; 0:02 lg mAb=1× 106 cells; eBioscience) using the Foxp3
Fixation/Permeabilization buffer set (Cat# 20201221; eBioscience).
Finally, >1× 104 cells per sample were collected and analyzed on a
BD FACS Canto II flow cytometer (BD Biosciences). Data were ana-
lyzed byFlowJo software (version 10.8.1,BDBiosciences).

Enzyme-Linked Immunosorbent Assay
Levels of total serum IgE and IgG1 were measured by a mouse
IgE uncoated enzyme-linked immunosorbent assay (ELISA) kit

(Cat# 88-50460-22; Invitrogen) and IgG1 uncoated ELISA kit
(Cat# 88-50410-22; Invitrogen) according to the manufacturer’s
instructions. Briefly, 96-well plates were coated with antimouse
IgE or IgG1. After blocking, the diluted serum samples were
added into the wells and incubated for 2 h at room temperature.
After incubation, the plates were washed with phosphate buffered
solution with 0.1% tween-20 (PBST), and the antimouse IgE- or
IgG1-conjugated biotin was added and incubated for 1 h at room
temperature. The plate was then washed and incubated with strepta-
vidin–horseradish peroxidase (HRP) for 30 min at room tempera-
ture in the dark. Finally, tetramethylbenzidine substrate was added,
and the reaction was stopped by sulfuric acid. The absorbance at
450 nm was measured using a plate reader. For the HDM-specific
IgG1 ELISA, plates were coated with HDM (50 lg=mL) followed
by secondary reagents, asmentioned above. For themeasurement of
HDM-specific IgE levels, serum IgGwas first depleted with Protein
G magnetic beads (Beyotime).28 Similarly, plates were coated with
HDM (50 lg=mL), and, after blocking, the serum sample with IgG
depletion was added and incubated at 4°C overnight. Biotin-
conjugated antimouse IgE was added followed by the addition of
streptavidin-HRP and tetramethylbenzidine substrate. Finally, the ab-
sorbancewas read at 450 nmusing a plate reader.

Chromatin Immunoprecipitation
The chromatin immunoprecipitation (ChIP) assay was performed
using the Pierce Magnetic ChIP Kit (Cat# 26157; Thermo Fisher)
according to themanufacturer’s instructions. Briefly, cellswerefixed
with 1% formaldehyde for 10 min and quenched with 0.125 M gly-
cine for 5min. The chromatinwas fragmented bymicrococcal nucle-
ase digestion. The chromatin was immunoprecipitated with an anti-
AhR antibody (dilution 1:50; Cat# SA-210; Biomol) or anti-Maf
antibody (dilution 1:50; Cat# GTX129420; GeneTex) overnight at
4°C. The antibody–chromatin complexes were then pulled down by
ChIP-Grade Protein A/GMagnetic Beads and elutedwith the elution
buffer provided in the ChIP Kit. After incubation at 65°C for cross-
link reversal, the samples were digested by RNase A and proteinase
K. The immunoprecipitatedDNAwas collected using aDNAClean-
Up Column. DNAwas quantified by qPCR using SYBR Premix Ex
Taq II (Takara). The PCRprimers used are provided in Table S3.

Immunoprecipitation and Western Blotting
Cell lysis was performed using Pierce IP Lysis Buffer (Cat# 87787;
Thermo Fisher), and the sample was then subjected to ultrasonic
treatment (Cat# JP-010T; Skymen), followed by centrifugation at
16,000× g for 15 min at 4°C. The protein concentration of har-
vested supernatants was quantified by the Bicinchoninic Acid
(BCA) Assay Kit (Cat# T9300A; Takara), and 500 lg of protein in
a 500-lL volume was incubated overnight at 4°C with anti-AhR
antibody (5 lg; Cat# SA-210; Biomol) or IgG antibody (1U6H0;
5 lg; Cat# MA5-42729; Thermo Fisher) with gentle rotation.
Protein A/GMagnetic Beads (Cat# 88802-3; Thermo Fisher) were
first washed twicewith PBS and then incubatedwith the previously
described protein–antibody complexes for 2 h at 4°C with gentle
rotation. Then the protein A/G magnetic beads were collected and
washed three times with ice-cold PBS containing protease phos-
phatase inhibitor (Cat# 78440; Thermo Fisher) by magnetic frame.
After being washed, the immunocomplexes were boiled with
60 -lL of 2× Laemmli sample buffer (Cat# 1610747; Bio-Rad) in
95°C for 5 min, and a 25-lL sample was loaded into a 12% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis gel and sub-
jected to electrophoresis at 100 V for ∼ 90min. Next, the proteins
separated in the gel were transferred to polyvinylidene fluoride
membranes (Cat# 88520; Thermo Fisher) at 0.18 A for 1.5 h.
The membranes were then blocked in 5% BSA (Cat# ST023;
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Beyotime) for 1 h, followed by incubation with primary anti-
bodies overnight at 4°C. After being washed with 0.1% Tween-
20–containing tris buffered saline solutions (TBST) three times, the
membranes were incubated with HRP-conjugated goat-antirabbit or
goat-antimouse antibody (1:5,000; Cell Signaling Technology) for
1 h. After being washed again with TBST three times, the bands were
finally imaged using the chemiluminescent HRP substrate (Thermo
Fisher) and a Molecular Imager ChemiDoc XRS+ Imaging System
(Bio-Rad). The primary antibodies used were as follows: anti-c-Maf
antibody (1:1,000; Cat# GTX129420; GeneTex), anti-AhR antibody
(1:1,000), and anti-b-actin antibody (AC-15; 1:5,000; Cat# A5441;
Sigma-Aldrich).

Statistical Analyses
All statistical analyseswere performed usingGraphPad Prism soft-
ware (version 9.0). Unless otherwise stated, all statistical analyses
were carried out through unpaired t-tests or one-way analysis of
variance (ANOVA) followed by post hoc Bonferroni’s multiple
comparisons test multiple comparison tests, as appropriate. Data
were considered statistically significant when p<0:05 and pre-
sented asmeans± standard errors of themean ðSEMsÞ.

Results

Analysis of the Immune Cell Populations in Lung LNs and
Measure of Allergen-Specific Antibody Production and
Lung Inflammation in Mice Exposure to PM2:5

To investigate the impact of PM2:5 exposure on a well-established
mouse model of airway inflammation, female C57BL/6 mice were
intratracheally sensitized with saline control PBS, HDM, or HDM
plus PM2:5 daily from day 0 to day 2. The PBS group was chal-
lenged intratracheally with PBS; the HDM group and the HDM
plus PM2:5 group were challenged intratracheally with HDM from
day 9 to day 12 (Figure 1A). Compared with the PBS and HDM
groups, mice in the HDM plus PM2:5 group showed significantly
aggravated HDM-induced pulmonary inflammatory response, as
evidenced by the recruitment of inflammatory cells in the lungs,
dense peribronchial infiltrates, and goblet cell hyperplasia (Figure
S2A–E), as well as by higher serum levels of total IgE, total IgG1,
HDM-specific IgE, and HDM-specific IgG1 antibodies (Figure
S2F–I).

To examine whether PM2:5 exposure affects lung LN cell com-
position, LN cells were used for single-cell mass cytometry analysis
with a panel of antibodies targeting lineage markers and cytokines
associated with adaptive and innate immune systems. For the unsu-
pervised detection of cell subsets, we applied the X-shift clustering
algorithm, which divides the cells into phenotypically distinct clus-
ters based on optimal k-nearest neighbor (k-NN) values. We also
examined surface marker staining intensity on t-SNE dimension–
reduced space, which visualizes the high-dimensional data. The
t-SNE plot generated from the merged data represents a map of
CD45+ cells present in lung LNs. Based on lineage markers, we
assessed the locations within the t-SNE plot of the following five
major subsets: CD4+ T cells, CD8+ T cells, CD4−CD8− T cells,
CD19+ B cells, and myeloid cells (Figure 1B).

As expected, exposure to HDM resulted in higher numbers of
B cells compared with the control mice (PBS group). The HDM
plus PM2:5 group showed an even greater proportion and number of
B cells compared with the PBS and HDM groups (Figure 1B–E).
In addition, the t-SNE results showed that the expression of IgE
in the HDM plus PM2:5 group was significantly higher than
that in the HDM or PBS group (Figure 1F). The percentages
of IgE+ B cells (CD19+IgE+CD138−) and active IgE+ B cells

(CD19+IgE+IgM+IgD+CD138−) were also higher following
PM2:5 exposure (Figures 1G,H and S3).

Because dendritic cells (DCs) are critical in initiating an
immune response, we manually gated CD11c+ myeloid cells
(Figure S4A). Based on the t-SNE plot and marker density,
we defined the following six clusters: migratory DC-1
(MHCIIhiCD11chiPD-L1+PD-L2+CD11b+CCR7hi), migratory
DC-2 (MHCIIhiCD11cintPD-L1intPD-L2intCD11b+CCR7hi), plas-
macytoid DCs (pDCs; MHCIIloCD11cintB220+CD11b−), con-
ventional DC1 (cDC1s; MHCIIhiCD11chiB220−CD8a+CD11blo

CCR7−), conventional DC2 (cDC2s; MHCIIintCD11chiB220−CD4+

CD8a−CD11b+CCR7−), and macrophages (CD11cintCD11bhiF4=
80hi; Figure S4B and Excel Table S14). An additional two clusters
were identified as expressing low levels of major histocompatibility
complex II (MHCII) or CD11c (Figure S4B).

Overall, the frequency of the migratory DC-1 subset was sig-
nificantly higher in both the HDM and HDM plus PM2:5 groups
compared with the PBS group, whereas the migratory DC-2 sub-
set was lower (Figure S4C–E). Further, our results showed that
the frequency of cDC2s was significantly higher in the HDM and
HDM plus PM2:5 groups compared with the PBS group, whereas
no significant differences were observed between the HDM and
HDM plus PM2:5 groups (Figure S4C,F). The frequency of the
CD11clow subset was decreased in the HDM plus PM2:5 group
compared with the PBS group (Figure S4C,G). In addition, the
frequencies of the MHCIIlow, pDC, and cDC1 subsets were simi-
lar among the groups (Figure S4C,H–J). Interestingly, we noted
that a relatively minor cell population, defined as macrophages
(CD11cintCD11bhiF4=80hi), was significantly higher in the HDM
plus PM2:5 group compared with the PBS and HDM groups
(Figure S4C,K).

We next gated CD45+TCRb+CD4−CD8+ cells as CD8+ T
cells and divided CD8+ T cells into the following four subsets by
t-SNE analysis: naïve CD8+ T cells (CD44−CD62L+), central
memory CD8+ T cells (Tcm, CD44+CD62L+), effector CD8+

T-cell/effector memory CD8+ T cells (Tem, CD44+CD62L−),
and preeffector-like CD8+ T cells (CD44−CD62L−; Figure S5A,
B and Excel Table S23). The HDM and HDM plus PM2:5 groups
showed a significant decrease in the proportion of naïve CD8+

T cells, but an increase in preeffector-like CD8+ T cells and
CD8+ Tem cells compared with the PBS group, and no difference
was found between the HDM plus PM2:5 group and the HDM
group during the sensitization phase. In addition, there was no
difference in CD8+ Tcm cells among the PBS, HDM, and HDM
plus PM2:5 groups (Figure S5C,D).

Mass Cytometry Analysis of the CD4+ T-Cell Population in
Lung LNs
Because CD4+ T-cell subsets play crucial roles in the regulation
of humoral immunity, we sorted the CD4+ T cells and eliminated
unrelated cell lineage markers for the unsupervised detection of
CD4+ T-cell subsets. We evaluated the locations within the
t-SNE plot of the following five different subsets: naïve CD4+ T
cells (TCRb+CD4+CD62L+), effector CD4+ T cells (TCRb+

CD4+CD62L−), Treg cells (TCRb+CD4+CD25+Foxp3+), T fol-
licular regulatory (Tfr) cells (TCRb+CD4+CXCR5+Foxp3+),
and Tfh cells (TCRb+CD4+CXCR5+Bcl-6+) (Figure 2A,B and
Excel Table S25). To further investigate whether PM2:5 preferen-
tially altered a specific CD4+ T-cell subset, we determined the
proportion and number of each subset among the PBS, HDM,
and HDM plus PM2:5 groups (Figure 2A). Naïve CD4+ T cells
were present at lower cell numbers and proportions in the HDM
and HDM plus PM2:5 groups compared with the PBS group
(Figure 2C,D). Although the numbers and proportions of effector
CD4+ T cells, Treg cells, and Tfr cells were different between the
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Figure 1.Mass cytometry analysis of the immune cell composition in lung LNs. (A) Schematic representation of the house dust mite (HDM)-induced mouse
allergic lung inflammation model. Mice in the HDM group were sensitized by intratracheal inhalation of 10 lg of HDM dissolved in 50 lL of PBS per mouse
on days 0, 1, and 2 and challenged on days 9, 10, 11, and 12 with the same amount of HDM. Mice in the HDM plus PM2:5 group were sensitized by intratra-
cheal inhalation of 10 lg of HDM mixed with PM2:5 (250 lg=mouse) in a final volume of 50 lL per mouse on days 0, 1, and 2 and challenged on days 9, 10,
11, and 12 with 10 lg of HDM only. The PBS group mice received 50 lL of PBS during the sensitization and the challenge phases. (B) CD45+ leukocytes in
lung LNs were analyzed by mass cytometry (CyTOF; n=3–4 samples per group) using a panel of 41 antibodies on day 14 (D14). t-SNE plot of CD45+ com-
partments overlaid with color-coded clusters. An equal number of CD45+ compartments in the lung LNs from the PBS, HDM, and HDM plus PM2:5 groups
was compared in the t-SNE plots. (C) Total cell number of lung LNs from each group (numerical values are shown in Excel Table S9). (D) Relative frequen-
cies (numerical values are shown in Excel Table S10) and (E) cell numbers (numerical values are shown in Excel Table S11) of the indicated immune cell sub-
sets among each group. (F) t-SNE plot of CD45+ leukocytes overlaid with the expression of IgE among the PBS, HDM, and HDM plus PM2:5 groups. The
colors are coded according to the relative expression of the indicated IgE markers. Red indicates high expression, and blue indicates low expression. The per-
centages of (G) IgE-positive B cells (CD19+IgE+CD138−) (numerical values are shown in Excel Table S12) and (H) activated IgE-positive B cells
(CD19+IgE+IgM+IgD+CD138−) (numerical values are shown in Excel Table S13) were manually gated by FlowJo software (version 10.8.1, BD Biosciences).
Data are shown as the means± SEMs. ns, not significant; *p<0:05, **p<0:01, ***p<0:001, and ****p<0:0001 according to ANOVA followed by
Bonferroni’s multiple comparisons test. Note: ANOVA, analysis of variance; Ig, immunoglobulin; i.t., intratracheally; LN, lymph node; PBS, phosphate-buf-
fered saline; PM2:5, ambient particulate matter with an aerodynamic diameter of ≤2:5 lm; SEM, standard error of the mean; t-SNE, t-stochastic neighbor
embedding.
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Figure 2.Mass cytometry analysis of the CD4+ population shift in lung LNs. (A) The CD4+ population, which was plotted by t-SNE, was separated into five
clusters according to the expression of the indicated markers. t-SNE plots of an equal number of CD4+ T cells from each treatment group. Each color repre-
sents the indicated CD4+ T-cell subset. (B) Heatmap displaying normalized marker expression of each CD4+ T-cell cluster (numerical values are shown in
Excel Table S25). (C–L) Relative frequencies and numbers of CD4+ T-cell subsets among the PBS, HDM, and HDM plus PM2:5 groups (numerical values are
shown in Excel Tables S26–S35). (M) Percentages of IL-4+, IFN-c+, and IL-17+ Tfh cells relative to CD4+ T cells in each treatment group (numerical values
are shown in Excel Table S36). (N) Numbers of IL-4+, IFN-c+, and IL-17+ Tfh cells in each treatment group (numerical values are shown in Excel Table
S37). n=3–4 per group. Data are shown as the means±SEMs. ns, not significant; *p<0:05, **p<0:01, ***p<0:001, and ****p<0:0001 according to ANOVA
followed by Bonferroni’s multiple comparisons test. Note: ANOVA, analysis of variance; HDM, house dust mite; IFN, interferon; IL, interleukin; LN, lymph
node; PBS, phosphate-buffered saline; PM2:5, ambient particulate matter with an aerodynamic diameter of ≤2:5 lm; SEM, standard error of the mean; t-SNE,
t-stochastic neighbor embedding; Tfh, T follicular helper; Tfr, T follicular regulatory.
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PBS group and the HDM group, their numbers and proportions
were not significantly different between the HDM group and the
HDM plus PM2:5 group (Figure 2E–J). Mice exposed to HDM
exhibited a higher proportion and number of Tfh cells compared
with those seen in mice exposed to PBS alone. The HDM plus
PM2:5 group had a significantly higher proportion and number of
Tfh cells compared with the PBS group and the HDM group, sug-
gesting preferential regulation of the Tfh subset by PM2:5 (Figure
2K,L). It has been reported that cytokine-skewed Tfh cells con-
tribute to class-switch recombination and modify B-cell matura-
tion within GCs.29 Thus, we examined the proportion and
number of IL-4–, IL-17–, and IFN-c–expressing Tfh cells in each
group. As expected, the proportion and number of IL-4–expressing
Tfh2 cells was significantly higher in the HDM plus PM2:5 group
compared with those noted in the PBS group or HDM group
(Figure 2M,N).

Next, we used flow cytometry to further confirm Tfh cells and
Tfr cells as identified by CD4+CXCR5+ICOS+Foxp3− cells and
CD4+CXCR5+ICOS+Foxp3+ cells, respectively. The Tfh cells
and Tfr cells were also determined by PD1 expression. As previ-
ously reported, mice in the HDM group showed higher percen-
tages of both Tfh and Tfr cell populations compared with mice in
the PBS group.30 However, mice exposed to HDM plus PM2:5
had a significantly higher percentage of Tfh cells compared with
those exposed to HDM alone, but those mice exposed to HDM
plus PM2:5 had only a slightly higher percentage of Tfr cells,
which did not reach statistical significance as compared with
those exposed to HDM alone (Figure S6A–F).

Measurements of Tfh Differentiation, Allergen-Specific
Antibody Production, and Lung Inflammation with
Exposure to IP
We next investigated whether IP affects Tfh cell differentiation
during the antigen sensitization period. To this end, female
C57BL/6 mice were intratracheally sensitized with saline control
(PBS), HDM, or HDM plus IP daily from day 0 to day 2. The
PBS group was challenged intratracheally with PBS; the HDM
group and the HDM plus IP group were challenged intratra-
cheally with HDM from day 9 to day 12 (Figure 3A). As
expected, the mice exposed to IP during sensitization had signifi-
cantly more inflammatory cells in the BALF (Figure 3B,C) and
higher serum levels of total IgE, total IgG1, HDM-specific IgE,
and HDM-specific IgG1 mAbs (Figure 3D–G). In the mediastinal
LNs, the HDM plus IP group had a significantly higher percent-
age of Tfh cells and PD1hi Tfh cells (Figure 3H,I).

The Effects of AhR Axis on Tfh Cell Differentiation
We hypothesized that the PM2:5–AhR axis may affect the differ-
entiation of Tfh cells. To explore this hypothesis, we tested
whether AhR in CD4+ T cells is required for the PM2:5-mediated
increase in the percentage of Tfh cells. Mice with a CD4-specific
deletion of AhR (CD4DAhR) were generated by crossing AhRloxp

mice with CD4-Cre mice. Female CD4DAhR and AhRloxp (as a
WT control) mice were intratracheally sensitized with PBS,
HDM, and HDM plus PM2:5 daily from day 0 to day 2 followed
by an intratracheal challenge with PBS or HDM from day 9 to
day 12. In the HDM group, there was no significant difference in
the Tfh or PD1hi Tfh cell population (Figures 4A, S7A, and S8),
Tfr, or PD1hi Tfr cell population (Figures 4B, S7B, and S8),
PD1hiTfh=PD1hiTfr ratio (Figures 4C and S7C), and lung inflam-
mation (Figure 4D–F) between AhRloxp mice and CD4DAhR mice.
However, in the HDM plus PM2:5 group, CD4DAhR mice showed
a significantly lower percentage of Tfh cell population (Figure

4A), Tfh/Tfr ratio (Figure 4C), and lung inflammation (Figures
4D–F and S7D,E) compared with control AhRloxp mice.

Next, we performed polarization assays using Tfh cells in the
presence of IP in vitro. Tfh cells were differentiated from CD4+

naïve T cells under Tfh cell–skewing conditions. IP was added to
the cell culture medium for 6 d at a concentration of 30 nM or
300 nM, and the medium and compound were replaced every 3 d.
IP treatment significantly promoted Tfh cell differentiation in a
dose-dependent manner compared with controls (Figures 5A,B,
S9, S10A, S10B, and S11). Consistent with the flow cytometric
results, cells exposed to IP exposure also exhibited a higher expres-
sion of Tfh-associated genes, including Bcl-6, Batf, c-Maf, inter-
feron regulatory factor 4 (Irf4), thymocyte selection-associated
high mobility group box family member 2 (Tox2), and Il21 (Figure
5C–H), as well as the AhR target gene,Cyp1a1 (Figure 1).We also
found that cells exposed to IP had higher Il4 expression in Tfh
cells, which is required for IgE class switching (Figure 5J). To fur-
ther characterize the contribution of AhR to IP-induced Tfh cell
differentiation, WT Tfh cells and AhR KO Tfh cells were treated
with IP or vehicle control, and Bcl-6, Irf4, and Il21 expression lev-
els were analyzed by RT-qPCR. Tfh cells had lower levels of Bcl-
6, Irf4, and Il21 in the AhR KO group (Figure 5K–M). Similarly,
Tfh cells exposed to IP and the AhR antagonist, CH-223191, had
significantly lower expression of Bcl-6, Irf4, and Il21 compared
with those exposed to IP alone (Figure 5N–P).

The Effects of IP–AhR–c-Maf Axis on Regulation of Il4 and
Il21 Expression in Tfh Cells
We hypothesized that upon ligand binding, AhRwould translocate
to the nucleus and interact with cellular musculoaponeurotic fibro-
sarcoma (c-Maf), allowing the AhR–c-Maf complex to bind to the
promoter region of Il4 and Il21 to transactivate the expression of
Il4 and Il21. To test our hypothesis, c-Maf was knocked down in
the Tfh differentiation conditions with or without IP treatment in
vitro. We found that IP exposure induced higher percentages of
CXCR5+ICOS+ and CXCR5+ICOS+Bcl-6+ Tfh cells in scramble
control groups, but this was impaired in the c-Maf knockdown
groups (Figure 6A,B). The IP-induced higher expression of Tfh-
associated genes, including Bcl-6, Il21, and Il4, was also lower in
c-Maf knockdown cells (Figure 6C–F), but c-Maf knockdown did
not appear to affect the expression of the AhR downstream gene,
Cyp1a1 (Figure 6G).We next sought to identify the transcriptional
factor binding motifs of AhR and c-Maf at the Il21 and Il4 pro-
moters. We found that the Il21 promoter has two putative AhR-
binding sites [xenobiotic response element 1 (XRE1) and XRE2]
and three putative c-Maf-binding sites [Maf recognition element 1
(MARE1), MARE2, and MARE3] (Figure 6H). Moreover, three
putative XREs (XRE1, XRE2, and XRE3) and two MAREs
(MARE1 and MARE2) were predicted in the Il4 promoter (Figure
6I). To confirm that AhR and c-Maf also interact with their target
sequences in the Il21 promoters under IP treatment, we performed
ChIP assays with differentiated Tfh cells in vitro. At the Il21 pro-
moter in Tfh cells, c-Maf interacted with MARE1-3, and AhR
interacted with XRE1 and XRE2. With IP treatment, the AhR and
c-Maf occupancy at the Il21 promoter was greater in Tfh cells than
in the DMSO control group. No AhR or c-Maf interaction with the
XRE or MARE sequences, respectively, at the Il21 promoter was
detected when we used isotype control antibodies (Figure 6J,K).
Compared with that seen in Th0 cells, AhR interacted with XRE1
and XRE3 at the Il4 promoter in Tfh cells, and c-Maf interacted
with MARE2 at the Il4 promoter in Tfh cells; in addition, IP treat-
ment resulted in higher AhR and c-Maf occupancy of the Il4 pro-
moter in Tfh cells than in the DMSO control group (Figure 6L,M).

To test whether AhR and c-Maf physically interact with each
other in Tfh cells, we performed immunoprecipitation followed
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by western blotting analysis. Results showed that AhR and c-Maf
expression was higher in Tfh cells with IP treatment. Moreover,
the c-Maf and AhR complex could be immunoprecipitated in Tfh
cells using anti-AhR antibodies and probed with antic-Maf anti-
bodies, suggesting that AhR physically interacted with c-Maf
(Figure 6N). In addition, the AhR and c-Maf interaction was
enhanced in Tfh cells with IP treatment.

Discussion
Recent studies have implicated the role of Tfh cells in infections
and vaccine responses,31 and dysregulation of Tfh and Tfr cells
has been suggested as a critical player in various autoimmune
diseases,31 inflammatory disorders,32 and cancer.33 However, the

molecular mechanism by which Tfh cells are regulated remains
to be fully defined. The results from the present study provide
evidence supporting a role of environmental PM2:5 and IP in tar-
geting Tfh cell differentiation via AhR, suggesting the potential
importance of the PM2:5–AhR–c-Maf axis in the regulation of
Tfh cell differentiation.

A previous study has shown that AhR and c-Maf interaction
triggers the production of IL-21 in IL-27–induced regulatory
type 1 cells.34 c-Maf promotes the differentiation of Tfh cells
by increasing IL-21 secretion, and the Tfh function by increas-
ing IL-4 secretion.35 In the present study, using IP as a model
of PAH exposure, it was shown that IP activated AhR to bind
with c-Maf, which promoted transactivation of the Il21 and Il4
promoters, suggesting that IL-21 production is required for Tfh
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Figure 3. The effects of IP treatment on lung inflammation and Tfh cell differentiation in vivo. (A) Mouse allergic lung inflammation model used in the present
study (schematic). Mice in the house dust mite (HDM) group were sensitized by intratracheal inhalation of 10 lg of HDM dissolved in 50 lL of PBS per
mouse on days 0, 1, and 2 and challenged on days 9, 10, 11, and 12 with the same amount of HDM. Mice in the HDM plus IP group were sensitized by intra-
tracheal inhalation of 10 lg of HDM mixed with IP (5 lM=mouse) in a final volume of 50 lL per mouse on days 0, 1, and 2 and challenged on days 9, 10, 11,
and 12 with 10 lg of HDM only. The PBS group mice received 50 lL of PBS during the sensitization and the challenge phases. DMSO was used as the vehi-
cle control in the PBS and the HDM groups to make the comparison with the HDM plus IP group, and the mice were sacrificed and evaluated 48 h after the
last allergen challenge. (B) Total cell number in bronchoalveolar lavage fluid (numerical values are shown in Excel Table S44). (C) Cell number of eosinophils,
lymphocytes, macrophages, and neutrophils in bronchoalveolar lavage fluid (numerical values are shown in Excel Table S45). The (D) total IgE (numerical val-
ues are shown in Excel Table S46), (E) total IgG1 (numerical values are shown in Excel Table S47), (F) HDM-specific IgE (numerical values are shown in
Excel Table S48), and (G) HDM-specific IgG1 (numerical values are shown in Excel Table S49) in serum were measured by ELISA. Flow cytometry analysis
of the percentage of (H) Tfh (numerical values are shown in Excel Table S50) and (I) PD1hi Tfh (numerical values are shown in Excel Table S51) in CD4+ T
cells in lung LNs. All data are representative of two or three independent experiments. n=10 each group. Data are shown as the means±SEMs. ns, not signifi-
cant; *p<0:05, **p<0:01, ***p<0:001, and ****p<0:0001 according to ANOVA followed by Bonferroni’s multiple comparisons test. Note: ANOVA, analysis
of variance; BALF, bronchoalveolar lavage fluid; DMSO, dimethyl sulfoxide; ELISA, enzyme-linked immunosorbent assay; Ig, immunoglobulin; IP, indeno
[1,2,3-cd]pyrene; LN, lymph node; OD, optical density; PBS, phosphate-buffered saline; SEM, standard error of the mean; Tfh, T follicular helper.
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cell differentiation and IL-4 production in Tfh cells to promote
IgE class-switch recombination in B cells. Although a previ-
ous study showed the links between PM2:5 exposure, allergic
sensitization, asthma, and Th17 activation,36 our data provide
another potentially important regulatory mechanism involving
the PM2:5–AhR axis in Tfh cells. Collectively, these results
add a potentially new dimension in the understanding of Tfh
cell differentiation and function, which, together with those
potential targets of PM2:5 exposure, including B cells,37 Th2,38
and Th17,36,39 aggravate allergen-induced pulmonary allergic
responses.

Tfh cell differentiation is a multistep process, in which DCs
are necessary and sufficient to induce the Tfh cell intermediate
that requires additional interactions with distinct APCs for

promoting the full differentiation program of Tfh cells.40,41 Our
data showed that the frequency of the migratory DC-1 subset
with high expression of programmed cell death 1 ligand 1
(PDL1) and PDL2 was greater after HDM treatment in vivo.
However, there was no difference in the proportion of resident
DCs and migratory DCs between the HDM and HDM plus PM2:5
groups, suggesting that PM2:5 exposure did not alter the propor-
tion of resident DCs and migratory DCs in LNs. In addition to
DCs, a small population of cells, which were defined as macro-
phages, was significantly higher in the HDM plus PM2:5 group
compared with the PBS and HDM groups. Interestingly, the spe-
cific subset of the macrophage population expressed IL-4 and
IFN-c, which may play a role in the overall mechanism of regula-
tion by PM2:5 exposure.
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Figure 4. The effects of AhR deficiency in CD4+ T cells on PM2:5-induced Tfh cell differentiation. CD4DAhR and AhRloxp (WT) mice were sensitized and chal-
lenged, as described in Figure 1A, with or without HDM or PM2:5 treatments at the indicated time points, and mice were sacrificed for sampling 48 h after the
last allergen challenge. The percentage of (A) Tfh cells (numerical values are shown in Excel Table S52) and (B) Tfr cells (numerical values are shown in
Excel Table S54), as well as the (C) Tfh/Tfr ratio (numerical values are shown in Excel Table S56) in CD4+ T cells in lung LNs were examined by flow
cytometry analysis. (D) Total cell number in bronchoalveolar lavage fluid (numerical values are shown in Excel Table S58). (E) Cell number of eosinophils,
lymphocytes, macrophages, and neutrophils in bronchoalveolar lavage fluid (numerical values are shown in Excel Table S59). (F) Representative H&E and
PAS staining of lung tissue sections (scale bar: 500 lm in H&E; scale bar: 200 lm in PAS). The small boxes show the locations of the big boxes in these pan-
els. All data are representative of two or three independent experiments. n=10 each group. Data are shown as the means± SEMs. ns, not significant;
*p<0:05, **p<0:01, ***p<0:001, and ****p<0:0001 according to ANOVA followed by Bonferroni’s multiple comparisons test. Note: AhR, aryl hydrocarbon
receptor; ANOVA, analysis of variance; BALF, bronchoalveolar lavage fluid; H&E, hematoxylin and eosin; HDM, house dust mite; LN, lymph node; PAS,
periodic acid–Schiff; PBS, phosphate-buffered saline; PM2:5, ambient particulate matter with an aerodynamic diameter of ≤2:5 lm; SEM, standard error of the
mean; Tfh, T follicular helper; Tfr, T follicular regulatory; WT, wild type.
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Figure 5. The effects of IP treatment on Tfh cell differentiation in vitro. IP was added to cell culture medium for 6 d at a concentration of 30 nM or 300 nM,
the medium and compound were replaced every 3 d during Tfh cell differentiation. Flow cytometry analysis of the percentages of the (A)
CD4+ICOS+CXCR5+ (numerical values are shown in Excel Table S62) and (B) CD4+ICOS+CXCR5+Bcl-6+ (numerical values are shown in Excel Table
S63) subsets in CD4+ T cells. (C–J) Tfh-associated genes were evaluated by RT-qPCR (numerical values are shown in Excel Tables S66–S73). (K–M) WT
and AhR KO Tfh cells were treated with IP at a concentration of 30 nM or 300 nM, and the mRNA expression levels of Bcl-6, Irf4, and Il21 were examined by
RT-qPCR (numerical values are shown in Excel Tables S74–S76). (N–P) The mRNA expression levels of Bcl-6, Irf4, and Il21 were examined in Tfh cells
treated with IP or IP plus AhR inhibitor (CH-223191; 10 lM) (numerical values are shown in Excel Tables S77–S79). DMSO was the vehicle for IP and CH-
223191, and all experiments were done in the presence of the DMSO (0.01%) as vehicle control. All data are representative of two or three independent experi-
ments. n=3–5 each group. Data are shown as the means±SEMs. ns, not significant; *p<0:05, **p<0:01, ***p<0:001, and ****p<0:0001 according to
ANOVA followed by Bonferroni’s multiple comparisons test. Note: AhR, aryl hydrocarbon receptor; ANOVA, analysis of variance; DMSO, dimethyl sulfox-
ide; IP, indeno[1,2,3-cd]pyrene; KO, knockout; RT-qPCR, quantitative reverse transcription polymerase chain reaction; SEM, standard error of the mean; Tfh,
T follicular helper; WT, wild type.
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Figure 6. The effects of AhR and c-Maf on IP-induced Tfh cell differentiation in vitro. Flow cytometry analysis of the (A) CD4+CXCR5+ICOS+ subset and (B)
CD4+CXCR5+ICOS+Bcl-6+ subset in GFP+ cells (c-Maf shRNA-expressing cells) (numerical values are shown in Excel Tables S80 and S81). (C–G) The mRNA
expression levels of c-Maf,Bcl-6, Il21, Il4 andCyp1a1 in c-Maf-knockdown cells weremeasured byRT-qPCR (numerical values are shown in Excel Tables S82–S86).
(H) Schematic diagram of AhR- and c-Maf-binding sites (XRE and MARE) in the Il21 promotor region. (I) Schematic diagram of the AhR- and c-Maf-binding sites
(XRE and MARE) in the Il4 promotor region. IP was added to the cell culture medium at a concentration of 30 nM or 300 nM during Tfh cell differentiation.
Immunoprecipitation test of c-Maf- and AhR- binding levels in Tfh cells. Chromatin immunoprecipitation (ChIP) assay of the and (J) c-Maf- and (K) AhR-binding lev-
els at the Il21promotor region in Th0 cells, Tfh cells, IP-treatedTfh cells, and IgG isotype control (numerical values are shown inExcel Tables S87 and S88). ChIP assay
of the (L)AhR- and (M) c-Maf-binding levels at the Il4 promotor region in Th0 cells, Tfh cells, IP-treatedTfh cells, and IgG isotype control (numerical values are shown
in Excel Tables S89 and S90). (N) The AhR and c-Maf interaction in Tfh cells and IP-treated Tfh cells was examined by immunoprecipitation assay and western blot-
ting. DMSOwas the vehicle for IP and all experiments were done in the presence of the DMSO (0.01%) as vehicle control. All data are representative of two or three in-
dependent experiments. n=3–4 each group. Data are shown as the means± SEMs. ns, not significant; *p<0:05, **p<0:01, ***p<0:001, and ****p<0:0001
according to ANOVA followed by Bonferroni’s multiple comparisons test. Note: AhR, aryl hydrocarbon receptor; ANOVA, analysis of variance; ChIP, chromatin
immunoprecipitation; c-Maf, cellularmusculoaponeurotic fibrosarcoma; DMSO, dimethyl sulfoxide; GFP, green fluorescent protein; Ig, immunoglobulin; IL, interleu-
kin; IP, indeno[1,2,3-cd]pyrene; MARE, Maf recognition element; RT-qPCR, quantitative reverse transcription polymerase chain reaction; SEM, standard error of the
mean; shRNA, short hairpin RNA;Tfh, T follicular helper; Th0, immature T helper cell; TSS, transcription start site; XRE, xenobiotic response element.
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In contrast to our study, in a mouse model of acute influenza
infection, administration of AhR ligands, 2,3,7,8-tetrachlorodi-
benzo-p-dioxin (TCDD), 3,30,4,40,5 pentachlorobiphenyl (PCB
126) and an endogenous agonist, 2-(1H-indol-3-ylcarbonyl)-4-
thiazolecarboxylic acid methyl ester (ITE) reduced the Tfh cells,
whereas administration of another endogenous agonist, 6-formy-
lindolo[3,2-b]carbazole (FICZ) increased their frequency.42 The
follow-up study suggested that oral delivery of TCDD reduced
Tfh cell differentiation and T-cell–dependent B-cell responses in
mice after acute influenza infection,43 although its suppressive
mechanism was unclear. These contrasting results suggest that
different AhR ligands and their dosage and the route of adminis-
tration may exert differential outcomes. Similar ligand- and dose-
dependent outcomes have been noted in the case of Treg and DC
regulation by TCDD vs. PM2:5=IP.24,44–46 Another study reported
that TCDD exposure in a rat model before HDM sensitization
was shown to suppress the immune response to HDM.47 We also
reported that TCDD suppressed, whereas IP increased, total IgE
and antigen-specific IgE levels in a mouse allergic lung inflam-
mation model.46,48 Indeed, although the functional impact of the
AhR–ligand axis in various pathophysiological contexts has been
well documented, the molecular basis and features governing the
AhR signaling and its transcriptional activity remain to be fully
elucidated. It is now recognized that its functional outcomes are
ligand,42 cell type,49,50 and context44,45 dependent, wherein the
ligand’s structural feature,51 the dosage used, and the timing of
exposure52 are known to influence the activation of AhR and its
subsequent nuclear translocation and binding of transcriptional
co-activators; also, the ligand’s half-life in vivo may also deter-
mine the final outcome. Therefore, differential AhR signaling
upon interaction with different ligands can be logically antici-
pated, particularly in the context of different model systems, such
as allergic inflammation vs. respiratory infection, with a distinct
molecular and cellular network of regulation.

Because it is challenging to examine human Tfh cells in sec-
ondary lymphoid organs, such as tonsils, spleen, and LNs, the al-
ternative approach is to examine circulating CXCR5+CD4+ Tfh
(cTfh) cells in human peripheral blood samples. The frequency
of cTfh cells is positively correlated with serum IgE levels, and
cTfh cells from patients with asthma more effectively promote
IgE production than cTfh cells from healthy control study partici-
pants.53 Furthermore, the skewing of cTfh cells toward cTfh2
cells has been observed in patients with asthma, and the positive
correlation of serum PAH and IL-4 levels has been noted in chil-
dren with asthma.54 In addition, the patients with asthma treated
with inhaled corticosteroids show significantly lower frequencies
of cTfh2 and ICOS+ cTfh cells, as well as improved asthma symp-
toms.55 Our mouse model and single-cell mass cytometry analysis
provide a comprehensive analysis and plausible mechanism link-
ing PM2:5 exposure, IgE production, and allergic disease, in which
the AhR–c-Maf axis–mediated Tfh cell differentiation is a promi-
nent mechanistic feature.
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